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Antagonists of Monocyte Chemoattractant 

Protein I Identified by Modification of Functionally 

Critical NHz-terminai Residues 

By Jiang-Hong Gong and Ian Clark-Lewis 

From The Biomedical Rff&arch Centnr and the Dejnrtment of Biochemistry and Molecular 
Biology, The University of British Columbia, tfmtouvcr, British Colombia, Cawda, V6T tZ3 


Summary 

Monocyte chemoattractant protein (MCP)-1 analogues were designed id determine the role of 
the NH;>- terminal region Lo structure and function. The NHrtcrrnioal residue was important 
for function and receptor binding, as it could not be deleted or extended. However the NHz- 
terminal pyroglutamaie residue of the wild type was not essential as it could be replaced by 
sevcrrtl other noncyclie amino acids without loss of activity. Residues 7-10 were essential for 
receptor desensitization, but were not sufficient for function, and the integrity of residues 1-6 
were required for functional activity. A peptide corresponding to MCP-1, 1-10 lacked detectable 
receptor-binding activities, indicating that residues 1-10 are essential for MCP-1 function, but 
that other residues arc also involved. Several truncated analogues, including 8-76, 9-76, and 10-76, 
desensitised MCP-l-induced Ca 2+ induction, but ware not significantly active. These analogues 
were antagonists of MCP-1 activity with the most potent being the 9-76 analogue (IC50 ~ 
20 nM). The 9-76 specifically bound to MCP-1 receptors with a JQ of 8,3 nM, which was three- 
fold higher than MCP-1 (Kd 2.8 nM). The 9-76 analogue desensitized the Ca^ T response to 
MCP-1 and MCP-3, but not to other CC chemokincs, suggesting that it is MCP receptor specific 
The availability of these compounds will be helpful in evaluating MCP receptor antagonists as 
anti-inflammatory therapeutics, 


Monocyte chemoattraaant protein (MCP) l -l is a mem- 
ber of the chemotactic cytokine (chemokine) superfa- 
muy of inflammatory mediators (1, 2). The human chemokincs 
can be divided into two families based on sequence similarity: 
the CC femt]y P which includes MCP-1, for which the first 
two cysteines are adjacent; and the CXC family, e.g., IL8, 
for which the first two cysteines arc separated by one residue 
(1, 2). Besides MCP-1 (3), the human CC family also in- 
cludes: MCP-2 (4) (also termed HC14) (5); MCP-3 (6); a 
protein that is regulated on activation, and normal T cell ex- 
pressed and secreted (RANTES) (7); macrophage inhibitory 
protein (MlP)-la (8) (first identified in humans as LD78) 
(9); MrF-ljff (8) (human ACT-2) (10); and 1-309 (11). Whereas 
all these CC chemokines have been described as monocyte 
chcrnoattractants with varying potencies (4, 12, 13, 14), they 
diverge in their functional activities on other cell types, such 
as baspphik (15), eosinophils (15, 16), T lymphocytes (17), 
and hemopoietic cells (18). The receptor interactions of the 


1 Abhra/iatitms iti this paper. Abo, ct Sfninobntyric acid; Ac, aetryl; nVal, 
nonolinc; MCP, myocyte cbanoottitttuu protein; MIP, nVWphage 
inflammatory protein; RANTES* regulated on accimrion, normal T all 
oppressed and secreted. 


CC dhemokines arc also complex. Two receptors have been 
sequenced: one for MlP-la, which also cross-reacts with 
RANTES (19-21), and recently i receptor for MCP-1 (22), 
However, binding and cross-desrasitiwtion studies suggest 
that additional receptors also exist for RANTES (23) (which 
may cross-react with MCP-3) (15), and a promiscuous receptor 
that binds MCP-1, MIP-la, and KANTES (23). Cellular ex- 
pression and functional activities that are mediated by the 
various receptors axe still unclear, 

MCP-1 has been implicated in a number of allergic and 
chronic mflammatory diseases (24), such as arthritis (25, 26), 
arteriosclerosis (27, 28). and various lung diseases (24, 29). 
In these conditions, monocyte infiltration may be a key early 
event in disease progression. Experimentally, MCP-l-neu- 
tralizing antibodies inhibited immune complex alveolitis in 
the rat (29). Receptor antagonists for MCP-1 and other 
chemokine receptors are an alternative approach to blocking 
MCP-1 actions and could potentially provide novel anti-inflam- 
matory therapeutics. Development of such molecules requires 
knowledge of the residues that are involved in binding as well 
as those required for receptor functions. However, as yet there 
is little irrformation regarding the structural requirements for 
function of MCP-1 or other CC chemokmes. In this study 
wc examine struoure-activity rdaaonships of MCP-1 focusing 
particularly on the NH 2 -terminal region which, by analogy 
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with IL-8 (30-32), is a caftdirktc receptor binding dcttrminaiit- 
The results demonstrate the importance of the integrity of 
residues 1-10, for MCM receptor binding and activity. Fur- 
thermore, function and receptor binding is dissociated in several 
truncated analogues (8*76, 9-76, 10-76, and 11-76), which 
are receptor antagonist*. 


Materials ?md Methods 

Syntketk Proteins. The human chemokines and their analogues 
were synthesized using tertiary NMrutyloTtyeaibonyl amino acid 
chemistry on an automated peptide synthesizer (model 430A; Ap- 
plied Biosystems,, Poster City, CA) using methods described in de- 
tail elsewhere (33). After hydrogen fluoride deprotccrion, the poly 
peptides were folded using air gradation and purified by reverse 
phase HPLC as described (33). The molecular weights of the syn- 
thetic proteins were determined by clectxospray mass spectrometry 
(AjMH, PE-SCIEX; Thombiil, ON) (33). Axtylauon of the KH 2 
terrrnrnis was carried out tnuncdiamly before hydrogen fluoride 
depiotection using acetic qnhydridt (10%) in dimethylfonnamide. 
Chcmoldnes and peptides with NH2- terminal glutamine were 
converted to pytoglutamate by treatment for three days with 1% 
acetic acid in HjQ. Conversion w» readily monitored because of 
the longer HP LC retention time of the pyrogluiamatc form and 
confirmed by the 17-0i difference in molecular mass. 

Cell Preparniiaiis. Human monocyte* were isolated from huffy 
coots of norma] donor blood. The cell suspension was loaded on 
Ecoll-Hypaquc (Pharmacia. Uppsala, Sweden) and cenirifoged at 
400 ^ for 25 min, followed by density centrifiigation on a discon- 
tinuous Fereoli (Pharmacia) gradient at 500 g for 30 tnin. Cells 
with a density of L05M.053 (gftnl) were >70% monocytes by 
morphology and were used for the chemotascis assay The mono- 
cytic cefl line THP-1 was obuincd from the American Type Cul- 
ture Collection (Rockvtflc, MD) and maintained in RPMI 1640 
medium supplemented with 10% PCS. 

Chtmataxis. Cell migration was assayed using 45-wclI micro- 
chemotaxU chambers (Ncuroprabe, Cabin John, MD). Peptides 
were dissolved in RPMI containing 0.5 rag/ml BSA, diluied in 
the same medium and 26-fd aliquots were added to the lower 
chamber- A $-fun pore size polycarbonate Seer membrane (Nucleo- 
pore. Pleasanton, CA) was sandwiched between the lower and upper 
chamber- Cells, 50 jtl of lOVml suspension were added to the 
upper chamber. After incubation for 2 h at 37°C in 5% COj in 
air, the filter was removed, fixed, and stained with Canco Quik 
Stain II (Baxter, McCaw Park, IL). The migrated cells were counted 
and the chemotacric index determined as die ratio of the migrated 
cells in tbe presence of sample, to the control migration in the ab- 
sence of sample. 

Analysis of Cytosdit-foe Cakium. THP-1 cells (4 x 10 5 ) were 
loaded with 12.5 ^g/ml Fluo-3AM in PBS saline with 0.38 mg/ml 
Pluronic F127 (Molecular Probes, Eugene, OR) at 37°C foe 30 
min. After washing with PBS, the eells were rcsnspended in 25 
mM Hepes, 140 mM NaCl, 10 mM glucose. 1.8 mM CaCh, 1 
mM MgCU, and 3 mM KO f pH 7.3. The fluorescence was moni- 
tored ai 7-s intervals over 150 s, after addition of test sample. Max- 
imum Ca 3 * levels were established using Pluo-3AM (designated 
\00% saturation) for each set of measurements by addition of 5 
fxM lonomyrin (Sigma Chemical Co., St. Louis, MO). Ca 2+ 
desensioiation was performed by addition of one ligand. and then 
after 150 s the cells were treated again with either the same or 
a different ligand. 


Jteeptor Binding. MCF-1 (10 eg) was labeled with monoiodi- 
nated Bolton-Hunter reagent (specific activity 2,200 Ci/mmol; 
DuIW, Wihrrington, DE) ac 4°C for 30 min. Tbc specific ac- 
tivity of ^I-hbeled MCP-1 wis 130 Ci/mmol. To determine th R 
binding fcmedes. THP-1 cells (5 x 10 s ) in 200 ul of binding buffer 
(RPM1 1640, 0.5 rag/ml B$A T 50 mM riepes, and 0.1% NaN,) 
were incubated with varying concentrations of 1=5 I-MCP-1 at 4 D C 
for 30 min. The cells were pelleted through a mixture of diacetyl- 
phthakte and dmutylphthalate and radioactivity that was ceU as- 
sociated was counted (total binding). Noropcrihc binding was de- 
termined in the presence of a 100- fold concentration of unlabeled 
ligand and was subtracted from the total binding. Kinetic parameters 
(Kd and receptor number) were detennincd by Scatcbard analysis. 
The competition assay was perfotmed with 4 nM of m I-MCP-l 
in the presence or absence of varying concentrations of unlabeled 
ligand as described above. 
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Figure 1. Cbemotactic activity of CC ehemokipes. Migration of mono- 
cytes (A) *nd THP-1 cells (B) at the indicated chemotio* concentrations 
are shown as the mean ± 5D of triplicate determinations. All the 
chemokines had significant activity add MCP-1 was significantly differcne 
ffoaft i he other* (p <0.05). Results p m^ntid ate Kprnentarive of three 
crtptrirnenrj. 
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Syrfffifisk and Chemtterixation of Anab^tm. CC chemo- 
kines were synthesized according to the primary structures 
of the secreted forms. These were MCM (34), MCP-3 (4), 
MUMa (35). MIM0 (10), and RANTES (7). The avenge 
measured synthetic yields were 99.3% per residue Overall 
yields of pure folded protein were 20-50 mg. The synthetic 
products* including all of the MCP-1 analogues, were found 
to fold spontaneously as indicated by the absence of free thiols 
and rhe characteristic shift in HPLC retention time that is 
observed on folding of chemokines (33> 36). The 11-76 ana- 
logue was acetylated as other studies had indicated that this 
was required for folding of analogues with NH2- terminal 
cysteine (30). For MCP-1, it was found that this was not re- 
quired, and li-76 and Ac 11-76 Were equivalent. The full- 
length MCP-1 and MCM proteins were convened to the 
NHz-terminal pyroglutamate form before folding and this 
form was then isolated as a homogenous product. The prod- 
ucts elutftd as a single peak on reverse phase HPLC and gave 
a single band on analytical isoelectric focusing (30, 33* data 
not shown). The measured average molecular masses of the 
proteins were within experimental ator (0.9 amu average) 
of the mass calculated from their target folded covalent struc- 
tures (not shown). 

Comparison of CC Chemokine Activities. The chcmocactic 
activities of the synthetic CC chemokines were compared 
using peripheral blood monocytes and THP-1 cells as targets 


(Fig, 1). MCM consistently gave the highest level of migra- 
tion and was the most potent inducer with both cell sources. 
The related cbemokine MCP-3 (71% identity to MCP-1) also 
gave significant chemotaxis, hut was less potent. MCP-3 
was around 10-fold leas potent than MCP-1, but was active 
over the same concentration range. RANTES, MlP-la, and 
MIP-li? had detectable but tower activity than MCP-1 or 
MCP-3. In general* results with THP-1 cells were found co 
parallel finding* with monocytes and thus THP-1 cells were 
used in subsequent assays. 

Rpk of the NHrterminal Rfsidne, The natural forms of 
MCP-1 and MCP-3 are blocked at the NI U terminus (4, 34). 
This is because after removal of the signal peptide, the 
NH?- terminal glutarriine spontaneously converts to pyroglu- 
tamate (12) (Fig. 2). To test the role of the pyroglutamate 
in determining function, nine MCP-1 analogues varying in 
the NHa-tenoinal residue were synthesized according to the 
sequences shown in Fig, 2. Toptt-vent pyroglutamate forma- 
tion, we acetylated the NHa-terminus to form the MCP-1 
(Ac) analogue, and found thai the chemotactic potency was 
300-fold reduced compared to the pyroglutaroatc form (Pig. 
3 A). Addition of alanine, which corresponds to the last res- 
idue of the signal peptide (MCP, Ala~ l , Kg. 2), or deletion 
of the NHr terminal pyroglutamate (2-76 analogue) resulted 
a similar loss of activity. 

Despite these results, replacement of the NHs-termuial 
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Figure 3. Chcraocictic activity of MCP-1 analog** ch»i are modified 
« the NHz-tcrminal residue The analogue! (Fig- 2) wen: titrated in assay* 
for TfflP-1 ehemotweis as dewribed for Ffc. 1. MCM, MCM {/fcn'). 
MCP-1 (Ala* ), *nd MCP-1 {nVal 1 ) w«t nor iignificantly different; how- 
ever the remaining mplogues were significantly different &Om MCP-1 
(p <0-05). Results shown *re representative of two experiments. 


pyroglutamacc with asparagine (MCP-1, Asn 1 ) resulted in an 
analogue with fall activity (Fig. 3 A), As with the wild type, 
acetylatioa of the NH2 terminus of MCP-1, Asn 1 consider- 
ably reduced activity, suggesting that the acctylacion alone* 
rather than prevention of pyroglutamatc formation, was 
responsible for the loss of potency. Asparagine and pyrogluta- 
rtiare axe smaller than glutaminc, so to test the effects of side 
chain size on function, the nonpokr residues Ala (-CHs), 
Aba (-CH^CHs), and nVal (-CHkCHzCHs) were substituted. 
All three were highly active and similar in potency to MCP-1 
(Fig. 3 B). Interestingly, the MCP-1 (Aba 1 ) was threefold 
more active than MCP-1. In contrast, aspartic acid was not 
tolerated ac the NHa-cerminal position (Fig. 3 B), Induc- 
tion of cytoplasmic free Ca* 1 " generally correlated with the 
ehemoiaxis results (not shown)- The 2-76 analogue and MCP-1 
(Ac) were assayed for binding to the MCP-1 receptor(s) by 
competition with labeled MCP-1. From the binding curves 
shown in Fig. 4 A, MCP-1. the 2-76 and MCP-1 (Ac) ana- 
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Figure 4. Rnccptot binding of MCP-1 analogues. The Indicated con- 
centrations of MCM analogue* (Eg. Z) war added to THP-1 cells in 
tht presence of 4 AM "5I-MCP-1- Nonspecific binding was subtracted 
from total binding, and the remits expj esied as % maximum specific 
binding;. Result* arc representative of two cflcperimcnta. 


logucs had Kjs of 2.8, 385, and 333 dM, respectively For 
these two analogues, this corresponds to greater than 100- 
fold loss in binding affinity, which correlates with the de- 
crease in functional activity relative to MCP-1. These results 
indicate that the integrity of a residue at the HH2 terminus 
of MCP-1 is critical for binding and function, but that the 
wild-type pyioglutamate is not essential. 

Activity of NHrtermirwlly Truncated Analogues. To further 
examine the role of the NHa-tenrinal region in determining 
function, wc designed a series of analogues that were short- 
ened at the NH2 terminus (Fig. 2). When they were exam- 
ined for THP-1 chemotaxis, the natural 1-76 form (MCP-1) 
had the highest activity, the 2-76 analogue was 300-fold lower 
whereas the 3-76 and 4-76 analogues had only marginal ac- 
tivity (Fig. 5 A). Surprisingly the 5-76 analogue had readily 
detectable activity (2/3 the level of migration of MCP-1), 
and was only fourfold less potent than MCP-1 (Kg. 5 £}, 
The 6-76 analogue had lower, but significant chcrootactie 
activity. The remaining shortened iwalogues, 7-76, 8-76, 9-76, 
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Figur* 5. Chcmotttuc activity of NH^icrraiml tra«Ctt«l analogue*. 
The bidicawd analogues (Fig. 2) were titrated in the THP-1 cell chcrooaxis 
amy as dcscxibeJ Fig. 1. MCP-1 and 5-76 were significantly differed! 
from each other rod from the remaining analogues (p <0.0S), Except for* 
the 1-10 peptide, MCP-1, 2-76; 3-76, 4-76, 5-76. and $-7$ were all 
significantly different than tht negative control (p <0.05). R»uJ(s shown 
ate representative of three experiments. 

10-76, and 11-76 T lacked detectable chemotactic activity {Fig. 
5 B). A peptide corresponding to residues 1-10 (Rg. 2) also 
lacked detectable activity (Kg. 5 A). Similar results were ob- 
tained with monocytes as the target cells (data not shown). 

Co** Mobilization and Desensitization by Truncation Ana- 
logues* Transient intracellular Ca 2i " mobilization was as- 
sayed as a second measure of function. The native MCP-1 
was the most efficient in inducing cytosolic Ca. 2 * mobiliza- 
tion of the analogues tested (Figs. 6 and 7A) r However, con- 
sistent with Us chemotactic activity, the 5-76 analogue also 
induced a Ca 2+ rise in THP-1 cells (Figs. 6 and 7 ^4)_ As 
summarized in Fig, 7 A, the 2-76, 4-76, and 6-76 analogues 
induced a lower response. The 3-76, 7-76, 8-76, 9-76, 10-76, 
and 11-76 analogues {Kgs. 6 and 7 ^4) or the 1-10 peptide 
(not shown) did not induce significant cytosolic Ca^ at 
levels up to 1,000 nM. 

After treatment with an MCP-1 receptor Ugand, the cal- 
cium response is temporally desensitised to treatment with 


a second MCP-1 receptor liganci When the analogues were 
examined for their ability to desensitize the subsequent Ca 2+ 
response to MCP-1, there was little correspondence with the 
Ca a+ induction results (Figs. 6 arid 7 B), All truncated ana- 
logues desensitized THP-1 cells to a subsequent MCP-1 chal- 
lenge, although the 11-76 analogue required a higher con- 
centration 1,000 nM for a detectable response. The MCP-1, 
M0 peptide did not attenuate the Ca^ response (not 
shown). Most significantly, the 3-76, 7-76, 8-76, 9-76, and 

10- 76 analogues desensitised but did not induce Ca 2 " (com- 
pare Fig. 7 % A and B). Of the noninduring analogues, 9-76 
was consistently the most erTcctivc at desensitization. The 
results indicate that several truncated analogues desensitize 
MCP-1 receptors, but do not activate Ca^-dependent sig- 
naling. 

Exceptor Bmdmg afTnmatied Analogues, Several of the short- 
ened analogues were tested for MCP-1 receptor binding by 
competition for ^I-MCP-l (Fig. 4), The 2-76 and 3-76 an- 
alogues had (385 and 487 nM, respectively) ^150-fold 
higher than MCP-1 (iCa 2.8 nM) when analyzed for binding 
on THP4 cells (Fig. 4 A). In keeping with its functional 
activity, the 5-76 analogue had only an eightfold higher 
(23 nM) than MCP-1. The inactive 9-76 analogue had three- 
fold higher Ki than MCP-1, whereas the JQs of 10-76 and 

11- 76 analogues were 13- and 48-fold higher, respectivdy- 
Thc MCP-1 (1-10) peptide did not bind (Kg. 4B ). The 9-76 
and 11-76 analogues were labeled, and direct binding assays 
were performed (not shown). The binding results correlated 
well with the Ca^ desensitizarion results. 

Inhibition of MCP-1 ChemotaxU Activity. The ability of t he 
non-chemotactic analogues to desensitize calcium mobiliza- 
tion of MCP-1 suggested that they were binding to MCP-1 
receptors but not activating die signaling pathways of the 
receptor(s). If this hypothesis i* correct, then it would he 
expected that they would block the biological response in- 
duced by MCP-1 through a com peri rive binding mechanism. 
To test this, the 8-76. 9-76, 10-76, and 11-76 analogues were 
titrated in the presence of 5 nM MCP-1 (Fig. 8). The four 
analogues inhibited MCP-l-stimulated chemotaxis in a dose- 
dependent manner. The 9-76 analogue was the most potent 
(ICso 20 nM), the 8-76 analogue was threefold less po- 
tent (ICso = 60 nM), and the 10-76 and 11-76 analogues 
were much less potent (IC50 = 0.6 and 1 f*M, respectively). 
The MO peptide did not significantly inhibit chemotaxis (not 
shown). 

Specificity of 9*76 Antagonists. The ligand-receptor spe- 
cificity of the 9-76 analogue was tested by desensitization of 
Ca 2 * induction. Chernokine lijcjands transiently desensitize- 
their own receptor but not other receptors (15), As shown 
in Fig. 9 P the 9-76 analogue desensitized the Ca 2 * mobili- 
zation in response to MCP-1 and MCP-3, but did not 
significantly decrease the response to RANTES, MIP-lo:, or 
MIP-l£. In addition, the 9-76 analogue was able to specifically 
block MCP-1-, MCP-2-, and MCP-3- induced cell migra- 
tion, but not that induced by MlP-lde and RANTES, up 
to 1,000-fold molar excess (data not shown). Overall, the 
results suggest that the inhibition of MCP-1 and MCP-3 in- 
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Hgute 6. Ca** mobilizauQK and 
dcJefijir.izatton of the indicated 
NHi-tcnninal truncation arulogvo- 
Thc transient rise in fluorescence 
inti-nsity was measured after inidal 
treatment of Flao-3AM loaded 
THP-1 cdTjt with the indicated 
MCP-1 analogues aad again oa 
challenge with MCP-1 *t indicared. 
R^.sUlu aj^ representative of at least 
two experiment!. Ovft many ex- 
pel intents, the cakium response 
was (bund not to be significant at 
values under 5% fluorescence satu- 
ration- Therefore, the induction 
with 'the 3-76, 8-76, 9-76. and 
11- 76 analogues is not significant. 
The MCP-1 response after the 9-76 
analogue neat merit is >l*o ttdt 
jigaiftcant. 


duxed chemotaxis is correlated with ability to desensitise the 
MCP-1 receptor without concomitant activation. 

Discussion 

Analogues of MCP-1 were analyzed for function and 
receptor interactions using monocytes and THP-1, a mono- 
cyte cell line. Our results indicate that the NHrt«ruinal re- 
gion is critical for receptor binding and function, and chat 
some analogues, e.g.* the 9-76 analogue, have receptor an- 
tagonist properties, suggesting that receptor binding can be 
dissociated from functional receptor activation. 

Comparison of CC chemokines indicated that MCP-1 and 
MCW stimulated chemotaxis via common receptors. MCP-2 
also stimulated chemo taxis, but was the least potent of the 
three (data not shown). RANTES* MlP-ltt, and MDM£ 
stimulated a transient increase in cytosolic CuF* levels, but 
had only weak chemotaxis activity. The actions of these CC 
chemokines appeared to be mediated by distinct receptors 
(15, 19-23). We observed some desensitization of MlP-la/ 
RANTES receptors with high concentrations of MCF-1, but 
whether this cross-reaction has apparent physiological sig- 
nificance is uncertain. Overall, the results indicate that amongst 
the CC chcraokmcs, MCP-1 is the nrot potent monocyte 


chemoattractant and is the ligaud of choice for structure^ 
activity relationships involving the MCP-1 receptor. 

Residues within the NH Z - tern dual region MO of MCP-1 
are essential for chemotaxis and receptor signaling, as demon- 
strated by the lack of chcmotactic activity of the 11-76 ana- 
logue. The nature of the NHrtemuaal residue is critical as 
deletion ox modification of the group by acctylation 
resulted in substantial loss of activity. Nevertheless, asparagine 
or nonpolar residues of various sizes could fully substitute 
for pyroglutamite. Thus the integrity of the NHz*tCTminaJ 
residue is essential for function but the side chain can be varied 
This suggests that either it may form important secondary 
structure elements within MCP-1 rather than interacting 
directly with the receptor, or that the backbone compoaent 
of the residue fits tightly into the binding pocket, such that 
an N-4cetyl group cannot be accommodated, but its side chain 
can be varied. 

Deletion of the first two amino acids resulted in almost 
total loss of activity, but surprisingly, activity was regained 
on deletion of further arnino acids. The 5-76 analogue had 
only fourfold lower potency than full-length MCP-1. Receptor 
binding affinities correlated with the functional activities. This 
suggests that the NHrterminal residue is not essential for 
signaling, but may be required for maximal binding {see 
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Figure 7. Summary of stimulation and daensitbation of Ca 2 * induc- 
tion fay truncated MCP-1 analogues. A shows the percent of FIuo-3 AM 
saturation (Materials and Methods) ac 10 nM, 100 nM„ and 1,000 nM 
analogue concentration. By the criteria outlined in Kg. 6, the response 
of the 3,76, 7-76, 8-76, 9-76, 10-76, and H-76 analogues wn? not significant 
at any dose tested. B shows the percentage dcieniirizarion induced by the 
truncated analogues at 10 nM, 100 nM* or 1,000 nM, to a subsequent 
treatment by 10 nM MCM. Maximal deiensirization of fluorescence ob- 
tained -with MCF-1 was designated AS 100% destnsitization and the max- 
imal fluorescence induced by 10 nM MCM was designated ft* 0% detta- 
sitiiation. All the analogues gave significant desamtization for at least 
one of the dose* tsseed. 


above). With further deletions from the 5-76 analogue, bio- 
logical activity was lost but receptor binding and deserwiti- 
zation was retained with the 8-76, 9-76, 10-76, and 11-76 
analogues. Thus, receptor binding, within residues 7-10 is 
dissociated from receptor activation that requires residues 1-6. 
The loss regaining and subsequent loss of activity upon se- 
quential truncation suggests that multiple NHj-tcnninal re- 
gion are required for full activity, and partial deletion* can 
have a negative effect on receptor interactions. Consistent with 
these findings, residues 1, 2, 6, 9, and 30 arc either identical 
or conservatively substituted when the sequences of MCP-1, 
MCM, and MCP-3 arc compared. The met that the NHa- 
tejrninal peptide 1-10 did not bind or display agonist or an- 
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Figure 8 4 MCM antagonist activity of truncated MCM analogue*. 
Constant MCP-1 (5 * 10-* M) wai aJded to each well and the indicated 
analogues were titrated in the THP-1 chemOtaxis assay as described for 
Kg. 1. The 10-76 and 11-76 were noc significantly different from each 
other. However, either 10-76 Or 11-76, and all the other remaining ana- 
logues Wet* significantly different frflm the MCP-1 control <0.05). 
lUsults are representative of three eKpcrifAenU- 


tagonist activity suggests that additional residues or region* 
within the 11-76 analogue are also required for function. Re- 
sidual receptor binding was detected with the 11-76 analogue, 
indicating that receptor binding motifs arc also contained in 
residues 11-76. 

The observations with MCP-1 have parallels with lL-6\ a 
member of the structurally related CXC chemokine family. 
In the case of IL-8, the NHz-tenninal residues 4, 5, and 6 
are essential for receptor binding and triggering function 
(30-32). Interestingly, the three residues which in the aligned 
sequences correspond to IL-8, 4-6 are MCP-1, 8-10. These 
three residues arc part of an MCP-1 receptor-binding site- 
In addition, the MCP-1 situation is more complex than that 
of IL8, in that the functionally critical NH2-terminal region 
extends over 10 residues and in addition to 8, 9, and 10, residues 
1-7 are also required for activity. The diiec-dimcusioaal struc- 
ture of MCP-1 may assist in determining the roles of residues 
1-10 but the NH2- terminal regions of chemoldnes are often 
partially disordered (37, 38), making it difficult to suggest 
functional roles. As proposed here for MCP-1, additional 
downstream residues axe also required for 1LS structure- func- 
rion (39). 

Two truncated analogues, MCP-1, 8-76 and 9-76 were po- 
tent inhibitors of MCP-1 function. The 3-76, 7-76 (data not 
shown), 10-76, and 11-76 analogues were less potent, The 
inhibition potency correlated with their receptor affinity. The 
ability of these analogues to de?cnsiti2e the calcium response 
induced by MCP-1 and MCP-3. coupled with their inability 
to induce Ca z+ mobilization, suggests that they bind to, but 
eanncic activate M CP-receptors. The mechanism of transient 
chcmotactic receptor desensuisation is not known, but our 
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Figaro 9. Specificity of the 9-76 antagonist. The ability of the 9-76 
annlognr to dweuiitize the subsequent Ca 3+ response by the indicated CC 
chdooViiws was measured. By the criteria described for Fig- 6, the rc- 
spotee o£9-76 w« oor significant, nor was the MCM cn MCF-3 response 
after 9-76 treatment. H«ults are representative of three orpCTiinents. 


results suggest that receptor activation is not necessary. 
Receptor binding is likely to be a requirement for desensiri- 
zation, as demonstrated by mechanistic studies suggesting 
receptor occupancy (40) and internalization (41) are involved 


for the related FMLP receptor. Thus, our desensitizauon results 
reflect receptor occupancy. 

The 9-76 analogue inhibittd THP-1 cell tnigration induced 
by MCM (Fig, 8)> and MCF-3, hut not by RANTES, Ml)>- 
la, or MIP10 (data not shown), farther supporting the desen- 
sitistation data indicating that the 9-76 analogue is specific 
for the MCP receptors and not RANTES Of MIP-lc* receptors. 
The 9-76 analogue was the most potent antagonist of 
chemotaxis tested: 20 nM inhibited 5 nM of MCP-1 by 50% 
(lC 5 o - 20 nM). This correlated with the receptor binding 
studies showing that 17 nM 9-76 analogue displaced 4 nM 
of MCP-1 by 50%. The binding auWty calculated for 9-76 
was threefold lower than MCP-1 (K* 3.3 nM and 2.8 nM, 
respectively). By comparison, the 30% of maximal effective 
dose (HDso) for MCP-1 chemotaxk activity was around 10 " 9 
nM. The potency of the MCP-1 antagonist was 15-fold higher 
than that of the truncated IL8 antagonists previously described 
(32). NHa-terminal deletion of chemokines may be a general 
method of dissociation of receptor binding from function, 
thus generating antagonists. 

We predict that the 9-76 antagonist will be in the ther- 
apeutic range of effectiveness and will be useful for evalu- 
ating MCP-1 antagonists in animal models, such as the rat 
alveolitis system where anti-MCP-1 antibodies have been 
reported to inhibit in vivo function (29) . As excess antagonist 
is always required to completely block a response by a com- 
petitive mechanism, higher affinity antagonists will be even 
more effective. Furthermore, the 9-76 analogue is not expected 
to be orally active* and although pharxnakokinetic studies have 
not yet been done* it may be readily adsorbed, excreted and 
degraded. 

The discovery of the 9-76 antagonist provides a lead for 
development of further MCP-receptor antagonists with high 
potency. Future studies that include more detailed analysis 
of the NH2-terminal region and determination of the roles 
of other regions of MCP-1 in structure-function could help 
provide improved antagonists. The combination of in vivo 
studies with further structurc-functioc analysts should pro- 
vide second generation antagonist^ that may have therapeutic 
value. 


We thank Peter Borowsld, Luen Vo, and Philip Ovten for expert assistance in rhc synthesis and preparation 
of the proteins and peptides, and Cathy Davidson-Hall for assistance in preparation of the manuscript. 

This v/ork was supported by the Arthritis Society of Canada and the National Institutes of Health. KOI 
GM-5096^01. 

Address correspondence to Ian Clack-Lewis, The Biomedical Research Ceotrr, 2222 Health Sciences Mail, 
The University of British Columbia, Vancouver, BC, Canada. V6T 1Z3. 

Received fir publication 16 June 199* and in revised firm 27 September 1994. 

Note added in prttf: After submission of this manuscript, a report appeared describing partial inMbition 
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